observed a modulation of the cone horizontal cell's Ca 21 current by light. Rod horizontal cells did not show this effect (see below).
In physiological concentrations of extracellular ions, the currentvoltage (I-V) relationship of the isolated Ca 21 current of a cone horizontal cell showed modulation by light in the range of 6 30 mV as assayed by voltage ramps. In darkness, the Ca 21 current was 160 6 62 pA (mean 6 s.d.) at peak (,0 mV) from 13 cells. For seven cells, a bright flash (1 3 10 8 to 3 3 10 8 photons mm 22 at 480 nm, 40-mm-diameter spot centred on soma; see Methods) transiently reduced this current, then enhanced it for minutes ('biphasic' response, Fig. 1b ; by a maximum of 10 6 4 and 28 6 12 pA, respectively, or 9 6 8% and 20 6 9% of dark value, right panel). For five cells, the same flash produced only a slow decrease in the current ('monophasic' response, Fig. 1c ; by 25 6 13 pA, or 14 6 4% of dark value, right panel). One cell was not light sensitive. For both response types, the amplitude of the Ca 21 current was light sensitive, but not the voltage dependence ( Fig. 1b and c, left) . The biphasic response was likely the composite of a slow decrease and a slow increase of the Ca 21 current, with the decrease occurring sooner. In the monophasic response, the current increase could still be present (see later), but was cancelled by a more delayed and superposing current decrease. The light-mediated modulation of the Ca 21 current can explain why no light response was detected at steady 230 mV or more negative membrane potentials, in that the current was not activated. At steady, more positive potentials, on the other hand, the Ca 21 current was probably inactivated 9 . We attempted to measure a light-induced change in intracellular Ca 21 concentration with Fura-2 under current clamp, but, owing to spontaneous, wide swings in the membrane potential between positive and negative values (also observed by others 9, [12] [13] [14] in dissociated horizontal cells) in darkness triggering spontaneous Ca 21 concentration changes, such measurements were not feasible.
The dark Ca 21 current and its light modulation tended to run down with time, possibly due to washout by the whole-cell-pipette solution. A second, identical flash almost invariably elicited a smaller response (for example, see Supplementary Fig. 5a ), and a third flash gave an even smaller, or no, response. This run down and the response slowness precluded quantitative measurements such as the intensity-response relationship. If flashes were delivered in rapid succession, before the cell's recovery from each flash, then multiple responses could be observed ( Supplementary Fig. 2 ). With a step of light, the response was more prolonged as expected (not shown). Light did not affect the voltage-gated Na 1 current, the delayedrectifier K 1 current, the inward-rectifier K 1 current ( Fig. 1d ), or the ionotropic glutamate-and GABA (c-aminobutyric acid)induced currents 8, 10 (Fig. 1e ; also Supplementary Fig. 3 ). Thus, light modulated specifically the Ca 21 current. We found the same light effect when all methanesulphonate (standard anion in the pipette solution and impermeant through Cl 2 channels) was replaced by Cl 2 to give a Cl 2 equilibrium potential of ,0 mV, which is evidence against Cl 2 involvement in the light response. Finally, although larger than cone horizontal cells, dissociated rod horizontal cells had a smaller Ca 21 current 8 (30 6 11 pA, n 5 3) in darkness and showed no detectable photosensitivity (data in normal solution not shown, but see Fig. 2c ).
Substitution of extracellular Ba 21 for Ca 21 (Methods) increased the current through the Ca 21 channels on cone horizontal cells by ,80% (from 217 6 41 pA to 400 6 128 pA, n 5 5) and slowed its run down 13, 15 . The associated light response was also larger. Interestingly, light produced only an increase but no initial decrease in Ba 21 current, which lasted many minutes; again, the amplitude but not the voltage dependence was affected ( Fig. 2a ). Even a cone horizontal cell that gave only a light-induced decrease in Ca 21 current in normal solution showed a light-induced increase in Ba 21 solution ( Fig. 2a ). Altogether, we observed a light response in Ba 21 solution in 108 out of 132 recorded cone horizontal cells, with a 'threshold' flash intensity of ,1 3 10 6 photons mm 22 (480 nm) for eliciting any detectable response. The dark Ba 21 current and its modulation by light was blocked by 10 mM nifedipine ( Fig. 2b , n 5 6), suggesting L-type Ca 21 channels were involved and consistent with their presence in catfish cone horizontal cells 9, 13 . Again, only cone horizontal cells, but not rod horizontal cells (even with greater light intensity and at different wavelengths), showed light-mediated modulation of the Ba 21 current (Fig. 2c ), although the Ba 21 current on rod horizontal cells was also nifedipine sensitive ( Supplementary Fig. 4) .
A light-induced decrease in Ca 21 current, but not Ba 21 current, suggested that a Ca 21 influx through the Ca 21 channel was necessary. Indeed, a light-induced current decrease reappeared when Ca 21 was added to the Ba 21 solution (Fig. 2d, left) . Also, the strong Ca 21 buffering in our typical pipette solution (10 mM BAPTA and no Ca 21 ; see Methods) did not eliminate the light-induced decrease in Ca 21 current, whereas removing all Ca 21 buffering in the pipette did not make much difference either, although the light-induced Ca 21 current decrease seemed faster and larger ( Fig. 2d , right). Thus, Ca 21 might act very close to the Ca 21 channel, where it entered the cell, to affect a light-sensitive target. The possibility that the light-induced current decrease originated instead from the opening of a Ca 21activated K 1 current 16 is unlikely, because this is inconsistent with the constant form of the I-V relationship in light and darkness as we observed.
We probed the spectral sensitivity of the cone horizontal-cell light response. We used only the Ba 21 solution because of the faster rundown of the Ca 21 current; thus, we could examine only the lightinduced current increase. By reiterated pair-wise comparisons between two wavelengths in a given cell (Supplementary Information and Supplementary Fig. 5 ), we inferred a spectraleffectiveness ordering of 400 , 440 , 480 . 520 . 540 . 560 . 600 . 680 nm. Thus, the l max of the underlying pigment is between 440 and 520 nm. This ordering is tentative because the method in principle applies only to bleachable pigments, which nonetheless include all known vertebrate pigments except possibly for melanopsin (see below), the bleachability of which remains unclear 17 .
Some teleosts have been reported to express melanopsin or vertebrate ancient (VA) opsin, or both, in their horizontal cells [4] [5] [6] 18, 19 . VA opsin is a pigment of largely unknown function. By degenerate polymerase chain reaction with reverse transcription (RT-PCR) based on known melanopsins and VA opsins (Methods), we isolated from catfish retina the complementary DNA clones for two distinct melanopsin genes (catfish OPN4m1 and OPN4m2, based on sequence comparison with other fish melanopsins 20 ) and two alternatively spliced cDNAs of a VA opsin gene (catfish VA and VAL, with VAL having a longer and different C terminus 19 ) (see Methods, Supplementary Fig. 6 and Supplementary Tables 1 and 2 ). In situ hybridization labelling on flat-mount retina (Fig. 3a, left) indicated that, based on its depth of location in the retinal thickness and other landmarks, the OPN4m1-and OPN4m2-positive cells were situated near the outer margin of the inner nuclear layer, where horizontal cells are situated. The same labelling in retinal cross-sections supported this conclusion ( Fig. 3a , right, and Supplementary Fig. 7 ). OPN4m1 was found also in cells near the inner margin of the inner nuclear layer, probably amacrine cells and/or displaced ganglion cells. This distribution pattern of melanopsin mRNA was found in most other fishes examined [4] [5] [6] . VA/VAL opsin transcripts were found predominantly in the ganglion cell layer and less in the inner nuclear layer ( Fig. 3b and Supplementary Fig. 7 ), therefore less likely in horizontal cells 6, 18, 19 . Thus, the intrinsic light response of catfish cone horizontal cells is possibly triggered by melanopsin, although the involvement of VA and VAL cannot be completely excluded. There are other putative pigments in the retina, including teleost multiple tissue (TMT) opsin 21 and neuropsin (OPN5) 22 , but their exact locations remain unknown.
We also examined goldfish retina. Dissociated horizontal cells from goldfish are identifiable by their relatively large size and flat somata with stellar processes 14 (Fig. 4a ). However, it is difficult to distinguish these horizontal cells further into subtypes I through IV, which have been identified in the whole goldfish retina 23 . In Ba 21 solution, the only solution tried, we observed a light-induced, similarly slow current increase in most horizontal cells recorded (Fig. 4b,  18 out of 24 cells; by 34 6 20 pA at peak, or 37 6 33% over that in darkness, triggered by 5 3 10 8 photons mm 22 s 21 for 0.5-1.0 s at 480 nm). The remaining horizontal cells gave no light responses (Fig. 4c ). This percentage of photoresponsive goldfish horizontal cells was remarkably high, but could have resulted from the dissociation procedure biasing the yield of particular horizontal-cell subtypes.
We have established the presence of intrinsically photosensitive horizontal cells in the fish retina. In catfish, these are specifically cone horizontal cells, with a flash threshold of perhaps ,10 6 photons mm 22 (480 nm), or 10 4 210 5 -fold less sensitive than fish cones (see Supplementary Information) , not greatly different from that of intrinsically photosensitive retinal ganglion cells in mouse 17 . With this low sensitivity, it makes sense at least that the intrinsically photosensitive horizontal cells are associated with cone rather than rod circuitry. In compensation, the prolonged response (lasting for minutes) should make temporal summation extremely effective, especially for sensing steady ambient light. If the intrinsic photosensitivity exists all over the cell, the large surface area of horizontal cells will also capture ambient light quite effectively. The horizontal-cell light response in this study seems distinct from the supposed intrinsic light response previously reported by others 6 for in situ horizontal cells in the roach flat-mount retina. This other response 6 , although having an action-spectrum l max (,477 nm) distinct from those of roach rods and cones, was observed in only 43 out of more than 1,000 cells, was found in rod horizontal cells and, finally, disappeared in the presence of synaptic blockers, which made a definitive conclusion of intrinsic photosensitivity difficult.
Unlike mammalian intrinsically photosensitive retinal ganglion cells, which mediate predominantly non-image-forming visual functions 2 , albeit not exclusively 24, 25 , the intrinsically photosensitive horizontal cells are almost certainly involved primarily in image vision because horizontal cells are principal elements in the retinal circuitry generating the antagonistic surround of the bipolar cell's receptive field. With the operating range of horizontal-cell membrane potential under in situ conditions being typically 220 to 265 mV, the corresponding range for light modulation would be approximately 220 to 230 mV, within which the Ca 21 current is active. This narrow range means that the effect of light is probably subtle. Because of the extremely slow intrinsic horizontal-cell light response, ambient light may alter, on a slow timescale, the bipolar-cell receptive-field surround, such as by modulating the horizontal cells' electrical coupling or synaptic properties. The relationships of intracellular Ca 21 concentration to horizontal-cell electrical coupling and to horizontal-cell synaptic-transmitter release in fish have been studied, but the details are nonetheless unsettled, especially on a slow timescale 11, [26] [27] [28] . Many questions remain, such as by what mechanism light affects the horizontal-cell Ca 21 current, what specific function this intrinsic photosensitivity serves in the fish retina, and whether light has additional (and possibly electrically silent) effects in these horizontal cells. What is clear from this work on intrinsically photosensitive horizontal cells and previous work on intrinsically photosensitive retinal ganglion cells 1,2 , however, is that the types of intrinsically photosensitive retinal neurons can be much more complex than previously thought.
METHODS SUMMARY
Retina dissociation and electrophysiology. The fish was killed and the eyes removed in dim red light. Subsequent procedures were performed under infrared light. The retina-dissociation procedure for obtaining horizontal cells followed published methods 12, 29 . After visual identification, a horizontal cell was voltage-clamped with whole-cell, patch-clamp recording at 23 uC. The access resistance (generally 20-40 MV) was not compensated, but should introduce an error of under a few millivolts because the measured Ca 21 current was small. Liquid-junction potentials were measured and corrected. Voltage ramps (45-100 mV s 21 ) were used to elicit Ca 21 /Ba 21 currents in most experiments ( Supplementary Fig. 8 
